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Abstract
Use of saline water in irrigated agriculture has become an important means for alleviating water scarcity in arid and semi-arid 
regions.  The objective of this field experiment was to evaluate the effects of irrigation water salinity and N fertilization on soil 
physicochemical and biological properties related to nitrification and denitrification.  A 3×2 factorial design was used with three 
levels of irrigation water salinity (0.35, 4.61 and 8.04 dS m–1) and two N rates (0 and 360 kg N ha–1).  The results indicated 
that irrigation water salinity and N fertilization had significant effects on many soil physicochemical properties including water 
content, salinity, pH, NH4-N concentration, and NO3-N concentration.  The abundance (i.e., gene copy number) of ammo-
nia-oxidizing archaea (AOA) was greater than that of ammonia-oxidizing bacteria (AOB) in all treatments.  Irrigation water 
salinity had no significant effect on the abundance of AOA or AOB in unfertilized plots.  However, saline irrigation water (i.e., 
the 4.61 and 8.04 dS m–1 treatments) reduced AOA abundance, AOB abundance and potential nitrification rate in N fertilized 
plots.  Regardless of N application rate, saline irrigation water increased urease activity but reduced the activities of both 
nitrate reductase and nitrite reductase.  Irrigation with saline irrigation water significantly reduced cotton biomass, N uptake 
and yield.  Nitrogen application exacerbated the negative effect of saline water.  These results suggest that brackish water 
and saline water irrigation could significantly reduce both the abundance of ammonia oxidizers and potential nitrification 
rates.  The AOA may play a more important role than AOB in nitrification in desert soil. 
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tion.  To overcome this scarcity, poor quality water, such as 
brackish or saline water, is increasingly used for irrigation 
(Feikema et al. 2010; Verma et al. 2012).  An important 
concern is that continuous application of brackish or saline 
water can cause salt to accumulate in the soil-plant system. 
This build-up of salt has a range of adverse effects on soil 
physicochemical properties, biological processes and plant 
growth. 
Microbial oxidation of ammonia to nitrate (i.e., nitrifica-
tion) is a key process affecting the N supply to agricultural 
crops.  The transformation of ammonia to nitrate is the 
first and rate-limiting step of nitrification.  This process 
is carried out by two groups of microorganisms: ammo-
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1. Introduction
Fresh water scarcity is a world-wide problem, especially in 
arid regions where irrigation is necessary for crop produc-
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nia-oxidizing bacteria (AOB) and the recently discovered 
ammonia-oxidizing archaea (AOA).  Soil salinity affects 
biological processes responsible for N transformations in 
soil (Aslam and Qureshi 1998).  A previous study reported 
that AOB abundance increased as soil salinity increased, 
and the archaeal amoA genes were more abundant than 
bacteria amoA genes under low salinity conditions (Mosier 
and Francis 2008).  In contrast, Keshri et al. (2013) reported 
that bacterial amoA gene copy numbers were two orders of 
magnitude higher than archaeal amoA gene copy numbers 
in saline-alkaline soil.  Wang and Gu (2014) reported that 
high salinity promoted growth of both AOA and AOB during 
a 10-d incubation.  The authors also suggested that AOA 
and AOB might have species specificity to salinity.  A recent 
study indicated that AOB abundance was inhibited by high 
salinity, whereas AOA abundance remained relatively high 
under saline conditions (Jin et al. 2011).  Li et al. (2012) 
observed that the abundance of both AOB and AOA was 
negatively correlated with salinity.  These conflicting reports 
indicate the limitations of current understanding about am-
monia-oxidizing microorganisms in agricultural soils.
Nitrogen fertilization is of great importance to crop yield. 
Proper management of N fertilizer is especially important 
in salt affected soils where N application might reduce the 
adverse effects of salinity on plant growth and yield (Villa- 
Castorena et al. 2003; Hou et al. 2009).  Furthermore, 
N application can also affect the abundance and activity 
of ammonia oxidizers (Webster et al. 2005).  Shen et al. 
(2008) reported that N application significantly increased 
the abundance and composition of the AOB community in 
a sandy alkaline soil.  In contrast, N application had minimal 
effect on the composition of the AOA community.  Many 
studies show that AOA generally out competes AOB at low 
ammonium concentrations (Tourna et al. 2008; Höfferle et al. 
2010; Stopnišek et al. 2010; Gubry-Rangin et al. 2011; Her-
rmann et al. 2011; Tourna et al. 2011).  However, Reigstad 
et al. (2008) reported that low ammonium concentrations 
might limit the growth of AOA.  Overall, ammonia-oxidizing 
microorganisms, essential in nitrification, undoubtedly play 
an important role in the sustainable development of agricul-
tural ecosystems as well as in environmental protection.  The 
composition and abundance of ammonia oxidizers could be 
used as an important biological indicator for evaluating the 
quality of agricultural soil (Bastida et al. 2008).  However, 
little is known about the influence of irrigation water salinity 
and N application on ammonia oxidizers.
Soil enzymes are crucial for nutrient cycling.  Soil en-
zyme activity is also an important bio-indicator of soil fertility 
and quality.  Soil enzyme activities generally decrease as 
salinity increases; however, the effects vary depending on 
experimental conditions.  For example, several researchers 
reported that salinity reduced the activity of oxydoreductase 
more than that of hydrolase (Sardinha et al. 2003; Wichern 
et al. 2006; Yuan et al. 2007).  Others have reported the 
opposite effect (Garcia and Hernandez 1996).  Soil urease, 
nitrate reductase, nitrite reductase, and hydroxylamine re-
ductase are important indexes for evaluating biochemical 
processes related to soil N transformation. 
We hypothesized that long-term application of brackish 
or saline irrigation water will have a detrimental effect on the 
abundance of AOA and AOB, and that AOA are important in 
alluvial gray desert soils.  The objective of this field experi-
ment was to evaluate the effects of irrigation water salinity 
and N fertilization on (1) soil physicochemical properties, (2) 
the abundance of AOA and AOB, (3) potential nitrification 
rates, (4) soil enzyme activity, and (5) cotton growth, N 
uptake and yield. 
2. Results
2.1. Soil physicochemical properties
Soil water content, electrical conductivity (EC1:5), and pH 
were significantly affected by water salinity and N rate, 
but not their interaction (Table 1).  Soil water content and 
EC1:5 both increased as water salinity increased.  Soil pH 
decreased as water salinity increased.  Averaged across 
the three water treatments, soil water content and pH were 
both higher in the unfertilized plots than in the fertilized 
plots.  Soil EC1:5 was greater in the fertilized plots than in 
the corresponding unfertilized plots. 
Soil NH4-N and NO3-N were significantly affected by 
water salinity, N rate and water salinity×N rate interaction 
(Table 1).  Soil NO3-N concentrations decreased as water 
salinity increased, and the effects of water salinity were 
larger in the fertilized plots than in the unfertilized plots.  In 
the unfertilized plots, the NO3-N concentration in the fresh 
water (FW) treatment was 18% greater than that in the 
brackish water (BW) treatment and 54% greater than that 
in the saline water (SW) treatment.  In the fertilized plots, 
the NO3-N concentration in the FW treatment was 67% 
greater than that in the BW treatment and 115% greater 
than that in the SW treatment.  Soil NH4-N concentrations 
increased as water salinity increased.  The effects of water 
salinity on NH4-N were greater in the fertilized plots than in 
the unfertilized plots; however, the effects on NH4-N were 
not as large as those observed for NO3-N. Specifically, in 
the unfertilized plots, the NH4-N concentration in the FW 
treatment was 12% less than that in the BW treatment 
and 18% less than that in the SW treatment.  The NH4-N 
concentration in the FW treatment was 24% less than 
that in the BW treatment and 30% less than that in the 
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SW treatment.
2.2. AOA, AOB and potential nitrification rate (PNR)
The abundances of both AOA and AOB genes were signifi-
cantly affected by irrigation water salinity, N rate and water 
salinity×N rate interaction (Fig. 1-A and B).  In the unfertilized 
plots, there was no significant difference in the abundance 
of AOA and AOB among the three water treatments.  In the 
fertilized plots, the abundance of AOA and AOB was sig-
nificantly less in the BW and SW treatments than in the FW 
treatment.  Nitrogen application increased the abundance 
of AOA and AOB in the FW treatment, but had relatively 
little effect on the abundance of AOA and AOB in the BW 
and SW treatments.
The AOA/AOB ratio was significantly affected by salinity 
but not by N rate or by water salinity×N rate interaction 
(Fig. 1-C).  The AOA/AOB ratio was generally higher in the 
FW treatment than in the BW and SW treatments, although 
the differences were only significant in the fertilized plots. 
There was no significant difference in the AOA/AOB ratio 
between the BW and SW treatments, regardless of whether 
or not N had been applied.  Nitrogen fertilizer increased the 
AOA/AOB ratio in the FW treatment, but had relatively little 
effect on the AOA/AOB ratio in the BW and SW treatments.
The PNR was significantly affected by irrigation water sa-
linity, N rate and water salinity×N rate interaction (Fig. 1-D). 
The PNR declined as irrigation water salinity increased. 
Nitrogen application increased the PNR in all three water 
salinity treatments.  Averaged across water salinity treat-
ments, the PNRs were 59% higher in the fertilized plots 
than in the unfertilized plots. 
2.3. Soil enzyme activity
Soil urease activity was significantly affected by salinity 
and N rate, but not by their interaction (Fig. 2-A).  The BW 
and SW treatments increased urease activity by 31 to 33% 
compared with the FW treatments.  There was no significant 
difference in urease activity between the BW and SW treat-
ments.  Averaged across water salinity treatments, urease 
activity was 8.8% higher in the fertilized plots than in the 
unfertilized plots.  Nitrogen application increased urease 
activity more in the FW treatment than in either the BW or 
SW treatment. 
Nitrate reductase activity was significantly affected by 
irrigation water salinity, N rate and water salinity×N rate 
interaction (Fig. 2-B).  The BW and SW treatments reduced 
nitrate reductase activity by 14–26% compared with the FW 
treatments.  Nitrate reductase activities were generally less 
in the SW treatment than in the BW treatment, although the 
differences between the two treatments were only signifi-
cant in the fertilized plots.  Averaged across water salinity 
treatments, nitrate reductase activity was 12% higher in 
the fertilized treatments than in the unfertilized treatments. 
Nitrogen application increased nitrate reductase activity in 
the FW and BW treatments but not in the SW treatment. 
Nitrite reductase activity was significantly affected by sa-
linity and N rate, but not by their interaction (Fig. 2-C).  The 
BW and SW treatments reduced nitrite reductase activity by 
12–23% compared with the FW treatments.  Nitrite reduc-
tase activities were significantly less in the SW treatment 
Table 1  Selected soil chemical and physical properties after the treatments had been applied to the same plots for five consecutive 
growing seasons 
N rate1) Water salinity2) Soil water content (%) EC1:5 (dS m
–1)3) pH　 NO3
–-N (mg kg–1) NH4
+-N (mg kg–1)
N0 FW 16.54 b 0.26 c 8.00 a 10.51 a 6.80 c 
BW 17.69 a 0.85 b 7.82 b 8.93 b 7.75 b
SW 18.07 a 1.12 a 7.76 b 6.84 c 8.33 a 
Mean 17.44 A 0.74 B 7.86 A 8.76 B 7.62 B
N360 FW 15.60  c 0.30 c 7.93 a 48.77 a 10.17 c 
BW 16.68 b 0.88 b 7.75 b 29.20 b 13.45 b
SW 17.54 a 1.17 a 7.69 c 22.68 c 14.46 a 
Mean 16.61 B 0.78 A 7.79 B 33.55 A 12.69 A 
Two way ANOVA (P value)
Water salinity (S) <0.001 <0.001 <0.001 <0.001 <0.001
Nitrogen rate (N) <0.001 0.011 <0.001 <0.001 <0.001
Interaction (S×N) 0.269 0.874 0.972 <0.001 <0.001
1) N0, 0 kg N ha–1; N360, 360 kg N ha–1.
2) FW, fresh water; BW, brackish water; SW, saline water; mean value for each N rate.
3) EC1:5, electrical conductivity.
Different lowercase letters within a column and within an N rate indicate that the water salinity treatments are significantly different at 
the P<0.05 level; different uppercase letters within a column indicate that the means of the two N rates averaged across the three water 
salinity treatments are significantly different at the P<0.05 level.  
The same as below.
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than in the BW treatment, regardless of whether or not N 
was applied.  Averaged across water salinity treatments, 
nitrite reductase activity was 25% higher in the fertilized 
plots than in the unfertilized plots. 
Hydroxylamine reductase activity was significantly affect-
ed by N rate, but not by water salinity or by water salinity×N 
rate interaction (Fig. 2-D).  Averaged across water salinity 
treatments, hydroxylamine reductase activity was 7.2% 
higher in the fertilized plots than in the unfertilized plots.
2.4. Correlation analyses
Looking first at the relationships between the soil’s physico-
chemical properties and its microbiological and enzymatic 
properties, soil water content was negatively correlated with 
AOA abundance, AOB abundance, PNR, nitrate reductase 
activity, and nitrite reductase activity (Table 2).  Soil wa-
ter content was positively correlated with urease activity. 
Soil EC1:5 had significant negative correlation with AOA 
abundance, nitrate reductase activity and nitrite reductase 
activity.  There was no correlation between soil EC1:5 and 
AOB abundance.  Soil EC1:5 was positively correlated with 
urease activity.  Soil pH showed no significant correlation 
with either AOA abundance or AOB abundance.  However, 
soil pH was positively correlated with urease activity and 
negatively correlated with nitrate reductase activity.  Soil 
NH4-N concentration was not correlated with the abundance 
of either AOA or AOB.  Soil NH4-N concentration was posi-
tively correlated with both urease activity and hydroxylamine 
reductase activity.  Soil NO3-N concentration was positively 
correlated with AOA abundance, AOB abundance, PNR, 
nitrate reductase activity, nitrite reductase activity, and 
hydroxylamine reductase activity. 
Looking at the relationship between microbial population 
and enzymatic activity, the abundances of AOA and AOB 
were both positively correlated with PNR, nitrate reductase 
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Fig. 1  Abundance of archaeal amoA genes (A), abundance of bacterial amoA genes (B), the ammonia-oxidizing archaea/ammonia-
oxidizing bacteria (AOA/AOB) ratio (C), and the potential nitrification rate (D) as affected by irrigation water salinity and N application 
rate.  Error bars represent standard deviations.  Different lowercase letters indicate significant differences among water salinity 
treatments.  The abbreviations FW, BW and SW stand for fresh water (0.35 dS m–1), brackish water (4.61 dS m–1) and saline water 
(8.04 dS m–1), respectively.  The same as below.
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Fig. 2  Soil enzyme activity as affected by irrigation water salinity and N application rate.  A, the soil urease activity.  B, the soil 
nitrate reductase activity.  C, the soil nitrite reductase activity.  D, the soil hydroxylamine reductase activity.  
Table 2  Correlations among soil physical, chemical and biological properties1)
SWC EC1:5 pH NO3-N NH4-N PNR AOA AOB Urease NR NIR HYR
SWC 1
EC1:5 0.806
** 1
pH –0.615** –0.942** 1
NO3-N –0.780
** –0.378 0.130 1
NH4-N –0.055 0.472
* –0.679** 0.491* 1
PNR –0.806** –0.396 0.120 0.933** 0.519* 1
AOA –0.771** –0.547* 0.381 0.886** 0.110 0.722** 1
AOB –0.561* –0.253 0.084 0.892** 0.336 0.735** 0.874** 1
Urease 0.591** 0.864** –0.868** –0.131 0.543* –0.065 –0.383 –0.035 1
NR –0.897** –0.792** 0.616** 0.716** –0.048 0.765** 0.727** 0.567* –0.551* 1
NIR –0.925** –0.615** 0.397 0.916** 0.296 0.920** 0.814** 0.730** –0.336 0.823** 1
HYR –0.175 0.197 –0.353 0.611** 0.681** 0.565* 0.429 0.564* 0.313 0.257 0.381 1
1) SWC, soil water content; EC1:5, electrical conductivity, PNR, potential nitrate reduction; NR, nitrate reductase; NIR, nitrite reductase 
activity; HYR, hydroxylamine reductase.
* and **, correlations are significant at the 0.05 and 0.01 levels (two-tailed), respectively. 
activity and nitrite reductase activity.  Neither AOA abun-
dance nor AOB abundance showed correlation with urease 
activity.  The abundance of AOB was positively correlated 
with hydroxylamine reductase activity, whereas the abun-
dance of AOA was not.
2.5. Cotton biomass, N uptake and yield
Irrigation water salinity, N rate and their interaction effects 
had significant effects on cotton biomass, N uptake, and 
yield (Table 3).  All three variables decreased significantly 
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in the order FW>BW>SW.  The differences among the 
treatments were larger in the fertilized plots than in the un-
fertilized plots.  For example, aboveground cotton biomass 
in the unfertilized plots was 12% less in the BW treatment 
and 23% less in the SW treatment than in the FW treatment. 
In the fertilized plots, the aboveground biomass was 22% 
less in the BW treatment and 34% less in the SW treatment 
compared with the FW treatment.  Similar trends were ob-
served for N uptake and cotton yield.
3. Discussion 
The future of irrigated agriculture will need to include the 
use of water containing higher levels of soluble salts, par-
ticularly in arid and semi-arid regions.  Our results agree 
with many previous reports that irrigation with saline (or 
brackish) water increases soil salt concentrations (Chen 
et al. 2010b; Kang et al. 2010; Pang et al. 2010).  Nitrogen 
application also increased soil salinity in all three water 
salinity treatments.  This agrees with the previous report 
by Villa-Castorena et al. (2003).  Soil water contents in 
the root zone were generally higher in the BW and SW 
treatments than in the FW treatment, probably because 
saline conditions reduced plant water uptake, resulting in 
less water loss from the profile due to evapotranspiration 
(Romero-Aranda et al. 2001; Malash et al. 2008).  The soil 
water content was lower in the N fertilized treatments than 
in the unfertilized treatments.  This is probably because N 
fertilization stimulated plant growth, thus increasing water 
uptake and transpiration.  Soil pH decreased as the N fertiliz-
er rate increased. This is similar to the report of Enwall et al. 
(2005).  Soil NH4-N concentrations were significantly higher 
in the BW and SW treatments than in the FW treatment. 
This is similar to the report that NH4-N concentrations were 
higher in salt-affected soil than in normal soil (Irshad et al. 
2005).  Charette and Buesseler (2004) and Santoro et al. 
(2008) studied environments with a gradient of salinity and 
reported that NH4-N concentrations were higher in more 
saline areas, whereas NO3-N concentrations were higher in 
less saline areas.  One explanation is that nitrification is re-
duced by high salt concentrations (Heilman 1975; McClung 
and Frankenberger 1985; Bernhard and Bollmann 2010). 
Changes in the physicochemical properties of the soil may 
cause changes in the regional environment and may affect 
soil nutrient transformations and biological effectiveness.
In our study, amoA gene copy numbers were higher than 
those of AOB in all treatments.  These results are similar to 
previous observations that AOA copy numbers were greater 
than those of AOB in many different environments (Leininger 
et al. 2006; He et al. 2007; Adair and Schwartz 2008; Shen 
et al. 2008; Ying et al. 2010; Sher et al. 2012; Trias et al. 
2012; Zhou et al. 2014).  There are only a few instances 
where the opposite trend has been observed (Jia and Con-
rad 2009; Ye and Zhang 2011).  The abundance of amoA 
genes in our study suggests that AOA play a more important 
role than AOB in ammonia oxidation in this desert soil. 
Nitrification is a microbially driven process of immense 
importance in agricultural soils, particularly in relation to soil 
fertility and nutrient supply to plants.  However, nitrification 
can lead to large N losses and the pollution of groundwater. 
Some researchers report that inhibition of nitrification in-
creases as soil salinity increases (Oren 1999; Akhtara et al. 
2012).  One explanation is that low osmotic potential of the 
soil solution in saline soil affects the abundance and activ-
ities of AOB and AOA (Yuan et al. 2007; Setia et al. 2010). 
The PNR is often used as an indicator of N availability in 
ecosystems.  In our study, PNR significantly decreased as 
irrigation water salinity increased.  Bernhard et al. (2007) and 
Caffrey et al. (2007) also showed that there was a significant 
decrease in PNR with salinity increased.  One explanation 
is that salt inhibited key microbial populations involved in 
nitrification, resulting in decreases in soil PNR.  Our results 
agree with many previous reports that N fertilizer application 
increases PNR (Ai et al. 2013; Chen et al. 2013).  Salt may 
either reduce microbial populations or inhibit key microbial 
processes related to nitrification.  In our study, irrigation with 
BW or SW reduced the abundance of both AOA and AOB in 
the fertilized plots.  This agrees with previous reports that the 
abundances of AOA and AOB were negatively correlated with 
soil salinity (Bernhard et al. 2007; Santoro et al. 2008; Li et al. 
2012).  Soil salinity generally has a negative effect on the soil 
microbial communities, probably because it alters the osmotic 
and matric potential of the soil solution (Rietz and Haynes 
2003).  Irrigation water salinity had no significant effect on 
AOA or AOB abundance in the unfertilized plots.  The abun-
dance of both AOA and AOB were generally greater in the N 
fertilized treatments than in the unfertilized treatments.  This 
suggests that N availability affects the populations of AOA 
Table 3  Aboveground biomass, N uptake and yield of cotton 
as affected by irrigation water salinity and N rate
N rate Water salinity
Biomass
(kg ha–1)
N uptake
(kg ha–1)
Yield
(kg ha–1)
N0 FW 11 212 a 95 a 4 613 a
BW 9 916 ab 76 b 4 195 b
SW 8 613 b 65 c 3 403 c
Mean 9 914 B 79 B 4 070 B
N360 FW 21 359 a 256 a 6 928 a
BW 16 585 b 206 b 5 809 b
SW 14 193 c 160 c 4 937 c
Mean 17 379 A 207 A 5 891 A
Two way ANOVA (P value)
Water salinity (S) <0.001 <0.001 <0.001
Nitrogen rate (N) <0.001 <0.001 <0.001
Interaction (S×N) <0.001 <0.001 0.036
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and AOB.  Our results differ from previous studies which in-
dicated that AOA growth might be associated with nitrification 
in low-N environments (Offre et al. 2009; Verhamme et al. 
2011), and high AOA abundance only occurred in low-salinity 
regions (0.2–9 psu (practical salinity units)), AOB abundance 
increased with salinity (Mosier and Francis 2008).  The AOA/
AOB ratio may serve as a new biological indicator, with a 
high AOA/AOB ratio indicating good soil health.  Irrigation 
with brackish or saline water decreased the AOA/AOB ratio. 
Nitrogen application increased the AOA/AOB ratio in both 
the FW and BW treatments but reduced the AOA/AOB ratio 
in the SW treatment. 
Irrigation with brackish water or saline water had mixed 
effects on soil enzyme activity.  Urease activity was signifi-
cantly higher in the BW and SW treatments than in the FW 
treatment.  One possibility is that brackish or saline water 
altered the physicochemical properties of the soil so that 
urease activity increased.  In contrast, irrigation with brackish 
water or saline water either reduced or had no significant 
effect on the activities of nitrate reductase, nitrite reductase, 
and hydroxylamine reductase.  Nitrate reductase and nitrite 
reductase are the main enzymes involved in denitrification; 
however, relatively little is known about the activities of these 
enzymes in salt-affected soil.  In our study, N application 
increased the activity of all three enzymes, regardless of 
irrigation water salinity.  Furthermore, previous reports 
indicated that salt stress generally reduced soil enzyme 
activity (Zhou et al. 2010).  As expected, fertilization with 
urea increased soil enzyme activity (Wang et al. 2007). 
Our results agree with previous reports that irrigation 
with saline (or brackish) water significantly reduces the 
biomass, N uptake and yield of agricultural crops (Chen 
et al. 2010a; Kang et al. 2010; Zhang et al. 2012; Min et al. 
2014).  Soil salinity may inhibit crop growth through osmotic 
stress, nutritional imbalance or specific ion toxicity (Munns 
and Tester 2008).  Furthermore, the tissues of crops grow-
ing under saline conditions generally accumulate Na+ and 
Cl– and/or inhibit N uptake, resulting in a reduction in crop 
growth, N uptake and yield.  Some researchers report that 
N application may reduce the adverse effects of salinity on 
crops (Ahmad and Jabeen 2009; Min et al. 2014).  However, 
N application in this study exacerbated the negative effects 
of brackish or saline water.  Grattan and Grieve (1992) 
observed that N application did not improve crop growth 
under extreme saline conditions.  One possibility is that 
the N fertilizer decreases the salt tolerance of the plants. 
4. Conclusion
The field experiment was to determine the effects of irrigation 
water salinity and N fertilization on soil physicochemical and 
biological properties related to nitrification and denitrification. 
Our investigation indicated that the soil physicochemical and 
biological properties of this grey desert soil were significantly 
altered both by brackish irrigation water and by saline 
irrigation water.  The abundance of AOA was greater than 
that of AOB under saline water irrigation with N application. 
Brackish water and saline water irrigation significantly re-
duced both the abundance of ammonia oxidizers and the 
PNR.  The AOA might play a more important role than AOB 
in nitrification in desert soil.  The activities of nitrate reduc-
tase and nitrite reductase both decreased as irrigation water 
salinity increased.  This suggests that irrigation with either 
brackish or saline water could have significant effects on 
nitrification and denitrification.  Nitrogen fertilizer application 
mitigated or reversed all of these effects to some extent in 
all three water salinity treatments. 
5. Materials and methods
5.1. Experiment site
The experiment was conducted at a research station near 
Shihezi University, Xinjiang Uyghur Autonomous Region, 
China (44°18´N, 86°02´E; 450 m a.s.l.).  The area has an 
arid, continental climate.  The annual average temperature 
is 7°C.  The annual average precipitation is 125–208 mm; 
about 60% of the precipitation is received between April and 
July.  Annual average evaporation is 1 660 mm.  The ground-
water depth is about 6 m.  The soil at the experiment station 
is an alluvial gray desert soil.  The physical and chemical 
properties of the soil (0–20 cm depth) are as follows: bulk 
density, 1.33 g cm–3; pH (1:2.5), 7.48; electrical conductivity 
(EC1:5), 0.13; organic matter, 16.8 g kg
–1; total N, 1.08 g kg–1; 
available P, 25.9 mg kg–1; and available K, 253 mg kg–1.
5.2. Experimental design
An ongoing field experiment began at the site in 2009.  The 
experiment consisted of a 3×2 factorial design (i.e., six treat-
ments) arranged in a randomized complete block pattern 
with three replications.  The first factor was irrigation water 
salinity: (0.35, 4.61 or 8.04 dS m–1, respectively referred to 
as FW, BW and SW).  The second factor was N fertilizer 
application: 0 or 360 kg N ha−1, respectively referred to as 
N0 and N360). 
The fresh water was obtained from a local well.  Two 
water supply pools were built to prepare water for the BW 
and SW treatments.  Each pool was equipped with an inde-
pendent drip irrigation system, including one pump, one filter 
and one pressure gauge.  Water in the 4.61 and 8.04 dS m–1 
treatments was produced by adding both NaCl and CaCl2 
(a mass ratio of 1:1) to fresh water. 
The research area was split into 18 plots, each plot (1.2 m 
1128 MIN Wei et al.  Journal of Integrative Agriculture  2016, 15(5): 1121–1131
wide and 16 m long) was mulched with one sheet of trans-
parent polyethylene film.  The plastic film was held in place 
by burying the edges with soil.  There was a 0.6-m wide 
bare land between each plot to prevent the flow of water 
and nitrogen fertilizer from one plot to another.  Two drip 
irrigation lines were installed under each sheet of plastic film. 
5.3. Agronomic practices
Cotton (Gossypium hirsutum L. cv. Xinluzao 52) was sown 
in April of each year and harvested in September.  Each 
plot had four rows of cotton.  The plants were sown at 10 cm 
intervals within each row.  The plant population was 222 000 
plants ha–1.  All plots were irrigated with 30 mm freshwater at 
sowing to improve germination and seedling establishment. 
The plots were irrigated nine times between June and August 
with either FW, BW or SW.  The irrigation interval was 10 days 
in accordance with field practices used by local farmers for 
fresh water-irrigated soils.  The crop received a total of 450 
mm irrigation water. 
Nitrogen fertilizer (urea) was applied in six equal amounts 
through the drip irrigation system (i.e., fertigation) between 
64 and 106 days after planting.  The urea fertilizer solution 
was stored in a 15-L plastic container and pumped into the 
irrigation system.  All plots also received 105 kg P2O5 ha
–1 
and 60 kg K2O ha
–1 before sowing each year.
5.4. Sampling and analytical methods
The treatments were applied to the same plots for five 
consecutive years and then soil samples were collected 
during the middle of the cotton growing season in 2013.  The 
samples were collected from the 0–20 cm depth at three 
random locations in each plot.  The samples were bagged, 
placed in a cooler containing ice packs, and then taken to the 
laboratory.  Soil cores from the same plot were pooled and 
then sieved through a 2.0-mm mesh screen.  Subsamples 
were removed and stored at –80°C for DNA extraction.  The 
remaining soil was stored at 4°C until analysis.
5.5. Physicochemical analysis
The gravimetric water content of the soil was measured 
by drying the soil at 105°C for 24 h.  Soil pH and EC were 
measured in 1:2.5 and 1:5 soil:water suspensions using 
an MP522 pH/EC meter (Shanghai, China).  The NO3-N 
and NH4-N concentrations in KCl extracts were measured 
with a SmartChem140 discrete analyzer (Westco Scientific, 
Danbury, Connecticut, USA).  Potential nitrification rate 
(PNR) was measured according to the method of Kurola 
et al. (2005).  Briefly, 5 g of fresh soil was added to 20 mL 
of phosphate-buffered saline  (PBS) solution in 50 mL centri-
fuge tubes with 1 mmol L–1 (NH4)2SO4 at room temperature in 
the dark for 24 h.  The PBS solution was prepared by mixing 
8.0 g NaCl, 0.2 g KCl, 0.2 g Na2HPO4, and 0.2 g NaH2PO4 
in about 800 mL of water.  The pH of the PBS solution was 
adjusted to 8.0 by adding 0.1 mol L–1 NaOH.  Finally, the 
solution was diluted with water to bring the volume to 1 L. 
Potassium chlorate with a final concentration of 10 mmol L–1 
was added to the centrifuge tubes to inhibit nitrite oxidation. 
For extracting NO2-N, 5 mL of 2 mol L
–1 KCl was added to 
the tubes after incubation.  After centrifugation, the optical 
density of the supernatant was analysed for the presence 
of NO2-N at 545-nm using sulphonamide and naphthyl-eth-
ylene diamide as reagents.
5.6. Soil enzyme activity and potential nitrification 
rate
Soil urease, nitrate reductase and nitrite reductase activities 
were assayed according to the procedures described by 
Guan (1986). Soil hydroxylamine reductase activity was 
measured according to the method of Shi et al. (2007). 
5.7. Soil DNA extraction, preparation and real-time 
PCR assay
The DNA was extracted from 0.5 g soil samples using Pow-
er Soil DNA Isolation Kits (MoBio Laboratories, Carlsbad, 
CA, USA) according to the manufacturer’s protocol.  After 
extraction, the concentration of the DNA was determined 
using a NanoDrop 1000 UV-Vis spectrophotometer (Thermo 
Fisher, USA).  The DNA was stored at –20°C.  The copy 
numbers of the amoA genes were calculated directly from 
the concentration of the extracted plasmid DNA, which was 
subjected to a real-time PCR assay in triplicate to generate 
an external standard curve.  Both the real-time PCR assay 
and the standard curve samples were measured according 
to procedures described by He et al. (2007).  Real-time PCR 
assay was carried out with the protocol for each target group 
as shown in Table 4.
5.8. Biomass, N uptake and cotton yield
At harvest, the cotton plants were cut at the soil surface and 
separated into leaves, stems and bolls.  The plant samples 
were washed with distilled water and then dried in an oven 
at 70°C for 48 h.  The dry samples were weighed, ground 
to pass a 1-mm sieve, and then digested with concentrated 
H2SO4-H2O2 before elemental analysis.  The N concentra-
tions of the samples were measured using an auto-Kjeldahl 
Unit (B-339, Buchi Labortechnik AG, Switzerland).  Cotton 
was harvested by hand on September 9 and September 
21 and the samples were weighed.  The two amounts were 
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summed to obtain the total yield.
5.9. Statistical analysis
The data were analyzed using SPSS statistical software 
(v. 11.0, SPSS Inc., 1996) with a two-way ANOVA at a signifi-
cance level of 0.05.  Irrigation water salinity and N application 
rate were the independent variables.  Treatment means 
were compared using Tukey’s test at P=0.05 if significant 
(P<0.05) differences were detected among the irrigation 
water salinity or N application rate treatments.
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